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Abstract: On long-duration space missions, skill retention and generalizability become ever
more important as mission length increases, for it is through these capabilities that astronaut
crews achieve autonomy. Because simulators are used extensively in all types of training, the
effects of simulator fidelity on skill retention and generalizability are paramount to understand.
A literature survey was performed to identify current research gaps in skill retention and
generalizability. The survey identified a need for a structured and quantifiable approach to
characterize skill decay, for example, using a cybernetic approach. Such an approach would
allow for gaining a deeper understanding of the mechanisms through which skill decay operates.
Furthermore, the literature survey identified three research gaps and opportunities for future
research: (1) developing skill decay functions provides theoretical insights into skill decay
and could allow for several practical applications, such as planning refresher training, (2)
investigating the effects of simulator fidelity on skill decay functions could allow for better
simulator utilization during training, and (3) investigating the generalizability of skills learned

in initial training to other tasks could provide space crews with greater autonomy.
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1. INTRODUCTION

Ever since the days of the first manned spaceflights,
NASA spent meticulous attention on the training of its
astronauts. The goal of training is to realize two main
objectives: skill acquisition and transfer of training. Skill
acquisition is the initial learning to perform a certain task
and transfer of training subsequently projects this onto
the operational domain. Especially for long-duration space
missions, two additional goals become apparent: retention
of skills and generalizability across tasks.

To illustrate this, the NASA Human Research Program ev-
idence report on training deficiencies presents some of the
training issues involved with long-duration space missions.
One of the main issues is the current training-time-to-
mission-time ratio, which is 10 to 1 for International Space
Station missions [Barshi and Dempsey (2016)]. A mission
to Mars might take up to 32 months [Mars Architecture
Steering Group (2009)]: following the current training-
to-mission ratio would be unfeasible. Nevertheless, initial
training will be a lengthy process and thus skills might
decay even before launch. Furthermore, crews will have to
be in transit to their destination for several months, which
also results in skill decay. This extended transit period
gives rise to two more challenges. Firstly, it makes it impos-
sible to send specialized crews upwards in order to perform
critical repairs. Secondly, the communication delays that
occur between Earth and Mars might last as long as 40

minutes, making real-time support from a mission control
center impossible. Complex mission-critical tasks can thus
not be handled in the more traditional manners anymore.
The role of a specialized crew or real-time ground support
has to be taken over by the ability to generalize skills or
on-board training.

In order to design the training for long-duration space
missions, it thus is important to investigate skill decay
and generalizability. Simulators are used for the training
of many tasks astronauts will perform. Therefore, under-
standing the effects of simulation fidelity on skill decay
and generalizability is important. The objective of this
literature review was to summarize the research to date
on skill retention and generalizability, and the impact
of simulator fidelity on these two aspects of training. A
further aim was to to identify literature gaps relating to
these specific areas, and guide future research.

After defining a list of peer-reviewed sources in journals,
conference proceedings, or technical reports of relevant
organizations, such as NASA, FAA, or similar, these key-
words were used in the literature search: skill decay, acqui-
sition, retention, training, transfer of training, simulator
fidelity. Furthermore, another choice was made: Nicholas
and Foushee (1990) state that space crews for long-
duration space missions have to be regarded as groups,
instead of individuals. However, they continue by stating
that group performance is dependent on three factors, one



being the level of skill of its members. Therefore, in this
literature review, it was chosen to focus on the individual-
astronaut skills, instead of on team skills.

2. TRAINING
2.1 Types of Training

On long-duration space missions, astronauts will train be-
fore launch, as well as on board. The application of training
on board is dual. On one side, it could serve as refresher
training, to ensure the astronauts possess the necessary
skill to perform their mission critical task. On the other,
just-in-time training would occur for low-likelihood events
that are time critical. However, because of the radically
new architecture of long space missions, a situation where
astronauts would perform initial training on board could
be imagined. Training type is thus a more useful variable
to consider than mission time line. In initial training, high
fidelity simulators are often used. In a situation where
initial training is performed on board, however, it is less
likely that a high fidelity simulator is present due to design
restrictions associated with spacecraft. This necessitates
investigating the effects of simulator fidelity on training,
which is discussed later in this literature review.

The goal of refresher training is to ensure skill levels
are adequately high to perform tasks after a period of
non-use. In ground based refresher training, the original
simulators can be used. However, on board the same
simulator restrictions apply. Gardlin and Sitterley (1972)
propose three levels of complexity in on-board refresher
training: The lowest would entail nothing more than a
verbal or mental review of the task (sometimes referred
to as symbolic rehearsal). The median level would be
using the real systems in a safe training mode. Finally,
Gardlin states: “Beyond this would be the application of
more sophisticated combinations of software, computers,
and simulation/training hardware to provide high fidelity
reproductions of spacecraft system dynamics and the oper-
ational visual environment associated with critical mission
operations, phases, and maneuvers.”

The third form of training is just-in-time training, which
is characterized by an unanticipated task which needs to
be trained in a timely manner, for instance by making use
of previously learned generalizable skills. An example of
such a task is a failure of a critical system which requires
an extra vehicular activity to repair. The critical nature
of the failure would allow for only a short period (a day,
for instance) to train. Barshi and Dempsey (2016) state
that the ability to design just-in-time training requires
expecting the unexpected. They continue: “Because not
all such events can be anticipated in advance, methods for
the crew to develop their own training for such occasions
must be developed for cases when communication delays
prevent the up-link of such training from the ground.”
Apart from this being a demanding task on its own, it
would have to be executed under time pressure. Thus, from
this point of view, a low-fidelity simulation is preferred.
Only by allowing the crew such flexibility, could the
highest autonomy be reached. Caldwell and Onken (2011)
define five levels of autonomy, the highest one being “goal
determination”. In long duration space missions, the need
for this high level of crew autonomy is especially pertinent.

2.2 Modeling Training

Kim et al. (2013) state: “To better address the issues
related to learning and long-term retention, it is necessary
to predict the learners future cognitive states.” In order
to do so, it is necessary to construct a cognitive model of
the human. This section discusses a common taxonomy:
Rasmussen’s S-R-K [Rasmussen (1983)]. The manner in
which the definitions are used, deviates slightly from the
original intention by Rasmussen. Rather than identifying
different levels of how one operator might execute a certain
task based on skill progression, here the definitions are
used to point to a division in task types. This ties directly
into how the operator internally processes these tasks.

Several authors have proposed models of representing
learning in humans. Kim et al. (2013) provide an excel-
lent overview in their work. Fitts and Melton (1964), for
instance, proposed three levels in the learning process.
This is built upon by Anderson (1982), who also proposed
a three-level taxonomy for cognitive skill development.
Rasmussen (1983) formulated the Skills, Rules and Knowl-
edge model. All these models have the division of three
stages in common. Firstly, “acquiring declarative and pro-
cedural knowledge”, secondly, “consolidating the acquired
knowledge” and thirdly, “tuning the knowledge towards
overlearning” [Kim et al. (2013)]. As a subject is learning
a new skill, he or she progresses through these stages.
The initial stage of learning involves generating the first
mental processes in executing a task. Afterwards, these
processes are interconnected in order to form a memory of
executing the task. When this is completed, a stage called
overlearning is commenced, where the connections harden
and muscle memory continues to strengthen.

Focusing on Rasmussen’s S-R-K, the first level is skill-
based behavior, which comprises of behavior where a task
is performed without exerting laborious mental effort [Ras-
mussen (1983)]. In an experimental research environment,
a tracking task is a typical skill-based task. In real life,
an example of a tracking task is to follow another aircraft
in a formation flight, or following a flight director. The
second level is rule-based behavior, where the essence is
the presence of a stored rule which acts as a “feedforward
control” in achieving a certain goal. The rules may have
been formed by the operator himself, but may also have
been communicated in a different manner. The separation
between rule-based and skill-based tasks is not always
distinct, as a person might move from applying rules to
learning the corresponding skill. The third and final level
is called knowledge-based behavior. Here, Rasmussen ar-
gues that performance is fully goal controlled. The goal is
formally known and a mental model is used to attain the
goal. This level represents new situations where an oper-
ator has to exert mental effort to achieve a solution. The
taxonomy will be used later in the discussion on the effects
of simulator fidelity on retention and generalizablity.

3. SKILL DECAY
3.1 Relevant Variables
There is some notion as to why skills decay. However,

the question of how they decay remains pertinent. Sev-
eral studies have been performed to identify the variables



which might influence the retention of skill over time. For
instance, Schendel et al. (1978) suggest the following vari-
ables: “degree of proficiency attained by the learner during
initial training; amount and kind of refresher training;
transfer of skills from one task to another; interfering ac-
tivities; scheduling of practice during training; use of part-
task versus whole-task training methods, and; introduction
of extra test trials prior to final testing”. In a meta-analysis
by Arthur, Jr. et al. (1998) all variables influencing skill
decay were divided into two categories: methodological or
task-related. “Here, the task-related variables are inher-
ent characteristics of the task and are not amenable to
modification by the researcher”, as stated by Villado et al.
(2013), which is one of the studies put forward in Arthur,
Jr. et al. (1998). The meta-analysis used 53 articles.

The first objective was to find the correlation between the
length of the retention interval and the amount of skill
decay. A positive correlation was found; longer intervals
result in more decay. This seems like a rather trivial result.
However, the strength of the decay varied over different
studies, which points to other influencing variables. One
of those influencing variables is the degree of overlearn-
ing, although its precise effects are not fully clear. One
of the studies used in the meta analysis concluded that
“overlearning does not prevent, but only somewhat re-
duces, decrements of performance with time” [Hammerton
(1963)]. Arthur, Jr. et al. (1998) concluded that although
some correlation indeed exists, the current literature only
supports a limited range of overlearning and consequently,
only a limited effect is observed. Overlearning thus turns
out to be a variable of which the exact effects remain under
discussion.

Apart from initial training and time, task characteristics
also play a role. The meta-analysis hypothesized that
open-loop tasks would display less decay than closed-loop
tasks, which is a result that follows from other sources
on skill decay [Farr (1986)]. However, the results of the
meta-analysis indicate a finding that is in contrast with
this hypothesis: closed-loop tasks are retained better. This
might be due to some contamination effects over the
different studies used however.

Another variable is the nature of the task; physical or
cognitive tasks. The results show that physical tasks show
less decay than cognitive tasks. Driskell et al. (1994) argue
that this might be due to the fact that even though mental
action allows for the construction of words and images
to aid recall, it does not provide any direct feedback on
performance. Physical tasks are more likely to provide this
feedback in the form of visual or tactile knowledge of the
results and thus, a higher performance is easier to attain.

The meta-analysis hypothesized that natural tasks would
display less decay than artificial tasks, which would fa-
vor using as realistic tasks as possible in training. The
results marginally favoured this statement, although the
difference was small. The difference could be explained
by varying levels of motivation for learning the tasks. In
general, participants express more motivation to master
tasks that appear to be natural [Arthur, Jr. et al. (1998);
Stefanidis et al. (2005)]. This conclusion, however, is based
on a questionnaire, which inherently features some subjec-

tivity. However, perhaps there is some subconscious truth
in the question of motivational differences.

Finally, the meta-analysis found a negative correlation
between the original learning and retention environment; if
the two differed more, more decay was present. This relates
directly to generalizability, where a certain skill must be
adapted to fit a new task. However, this conclusion was
drawn from only four data points.

3.2 Modelling Skill Decay

The decay of skill is more than simply a function of time
[Arthur, Jr. et al. (2013)]. The variables identified in the
previous section attest to this. Modelling the decay of skill
is a daunting task. Nevertheless, many have tried.

It started with Ebbinghaus (1885), who noticed that
a decay curve is most often negatively accelerated: the
curve falls most quickly immediately after initial train-
ing. McGeoch and Irion (1952) attempted constructing
these curves as well: their work focused on reciting words
from memory. These are just two examples of research
in decay of memory. More examples can be found, such
as Wixted and Carpenter (2007); Wixted and Ebbesen
(1991); Meeter et al. (2005); Bahrick (1992); Baldwin et al.
(1976). Most of these studies suggest that, although it is
possible to construct a decay curve for specific types of
tasks, there is no such thing as a universal skill decay curve
[Naylor and Briggs (1961)]. There are several speculated
methods of creating limited skill decay curves; for example,
as illustrated by Gronlund and Kimball (2013), who dis-
cuss using computational modelling to predict skill decay
curves as a function of some of the variables identified
in the previous section. However, the authors did not
identify any work into the actual construction of these
curves using a well-defined systematic approach. Baldwin
and Ford (1988) go as far as defining five possible scenarios
of “maintenance of training curves”, four of which show
possibilities along which skill can decay and a final one
which indicates a skill growth after training, because the
skill is used extensively. A point to note in their classifica-
tion is that there is no period of non-use. Rather the term
“maintenance” is coined, which indicates that the skills
could also be maintained by executing them in operational
environments. Furthermore, skill decay is only classified,
and no quantifications are proposed in Baldwin and Ford’s
literature study.

Farr (1986) stated 11 issues for further research and
development in his 1986 report on skill retention. The
construction of skill decay curves was one of them, but
firstly he stated that it is necessary to define measures
to quantitatively describe this phenomenon. Arthur, Jr.
et al. (2013) look back on these needs and conclude that
“not much empirical research has been devoted to the
study of knowledge and skill retention outside the more
basic, cognitive-experimental work on memory and motor
learning”. Even on these two subgroups, the research and
its applicability is limited. Two reasons are put forward:
Firstly, experiments in retention of skill are logistically
very challenging, as long retention periods are involved.
Secondly, the need for understanding skill decay in detail
is not present, as it is commonly regarded as “a matter
of interference with retrieval processes rather than sheer



non-use”. The detailed working mechanisms of skill decay
are not fully understood, which impedes the issue to gain
a relevance in the scientific community.

It thus appears to be the case that in order to fully
understand skill decay, there is a need for a clearly struc-
tured approach which would shed light on the underlying
processes. With this approach, skill decay curves could
be developed, which in turn find many applications in
practical operations.

4. SIMULATOR FIDELITY

Training simulators come in many different varieties, each
placing importance on different aspects of representing the
real world, leading to different levels of fidelity. Some fideli-
ties commonly found in literature are physical, psycholog-
ical, behavioral, and face fidelity. Each of them describes
some of the effects the simulator might have on the opera-
tor. For a long time, the paradigm in designing simulator
training was to facilitate as high fidelity on all aspects as
possible. Caird (1996) described this with the statement:
“For decades, the naive but persistent theory of fidelity
has guided the fit of simulation systems to training.” This
notion was especially pertinent in the design of training
simulators. However, in recent times a shift towards a
deeper understanding of the different types of fidelity is
observed [Roscoe (1991)]. Some simulators might focus on
a specific type of fidelity and hence this choice is not trivial
anymore in the design. This section attempts to correlate
the type of fidelity a simulator might have on the retention
variables identified before.

The knowledge level in S-R-K assumes that a situation
is completely new and thus no specific training of it can
be performed. Rather, attention must be paid to set up
training procedures to allow for high grades of general-
izability. As Dahlstrom et al. (2009) put it: “Crews can
effectively counter many threats by replicating or slightly
varying the technical skills learned during their training.”
He continues by arguing that to achieve such creativity
of solution, a lower fidelity simulator would be beneficial,
since it shifts focus from procedural knowledge to the
pure skill-based task. This can subsequently be varied
to counter unforeseen circumstances. For the middle level
of the S-R-K taxonomy, rule-based behavior, there exists
evidence that high physical fidelity simulators accommo-
date retention of the task for at least a year [Boet et al.
(2011)]. Also with low fidelity simulation or even without
any simulation at all, these kind of tasks can remain on
high performance levels. Without simulation, for instance,
a technique called “symbolic rehearsal” is suggested by
Kluge and Frank (2014) and Kluge et al. (2015). This is a
technique where a person internally visualizes performing
a skill, without actually doing it. They conclude that sym-
bolic rehearsal effectively supports knowledge retention,
but skill retention in a lesser manner. Procedure-based
tasks can be practiced and maintained in several ways,
using simulators of varying fidelity levels, with little effort
over longer-spread periods. O’Hara (1990) proposes 30-
minute refresher training every six months. This specific
recommendation follows from an experiment with marine
cadets; their watch standing skills were tested over a pro-
longed period of time with no use. After quick refresher

training, though, their performance levels could quickly
be increased again. Grimsley (1969) found no difference
in retention between subjects trained on a low-fidelity
simulator and subjects trained on a high-fidelity one. In
this research, subjects had to execute a procedural task. It
appears that rule-based tasks require relatively low levels
of simulator fidelity to maintain.

On the skill-based task level, several studies suggest that
practice refresher interventions support skill retention in
the best way. The experiments treated in Kluge et al.
(2015) used a retention period of two weeks (or one week
with an intervention in the middle). Three types of re-
tention interventions were investigated: skill practice, skill
testing and symbolic rehearsal. In skill practice, a practice
session like in the initial training was repeated. In skill
testing, a performance test was used to retain the skill and
finally symbolic rehearsal was investigated. The results
show that both skill practice and testing support retention.
Symbolic rehearsal could not fully prevent skill decay. In
another study on the topic, Sauer et al. (2000) were not
able to identify an influence between two different train-
ing methods (limited task-focused knowledge versus detail
process-focused knowledge). A conclusion was drawn that
continuous skill-based control tasks showed little skill de-
cay over the 8 month retention period. The control task
in this study was a process control task of a life support
system of a spacecraft. It thus mainly dealt with low-
frequency control.

In Merbah and Meulemans (2011), the step to motor skills
is made. There are some suggestions to increase retention
and generalizability by performing the training phase in a
random order; instead of treating one subject per session,
instructors are urged to mix it up. During the train-
ing phase participants will perform worse, but the skill
is retained for longer and is more generalizable. Roscoe
(1991) notes on the retention of motor skills: “Research
has shown that innovations in training strategies, in some
cases involving intentional departures from reality, can
have stronger effects than high simulator fidelity on the
resulting quality of pilot performance”. Caird (1996) adds
to this: “There is some evidence from flight simulation that
higher levels of fidelity have little or no effect on skill trans-
fer and reductions in fidelity actually improve training.
Reductions of complexity may aid working memory and
attention as skills and knowledge are initially acquired.”

To conclude this discussion on simulator fidelity and skill
decay, it appears that rule and knowledge based tasks
can be retained for prolonged periods of times using
frequent practice sessions of various nature. Use could be
made of low-fidelity simulators or of mental techniques
such as symbolic rehearsal, as entailed by Gardlin and
Sitterley (1972). For skill-based tasks, however, the story
is somewhat more complicated. There is evidence that
continuous motor tasks are retained for prolonged periods
of time [Casner et al. (2014)]. However, Mulder et al.
(2004) stress the need for frequent refreshing training with
accurate training simulators. Prophet (1976) warns that
many manual control tasks that are executed in flight or
in space missions are more complex and therefore feature
more decay than the simple motor skills. He supports
this statement with the results of several investigations.
Firstly, Hammerton (1963) found a significant decrement



in control skills after a six month period. In the same
fashion, Sitterley and Berge (1972) and Sitterley (1974)
found a large decay after a three month retention period,
with errors being 2-3 times as large as at the end of
training. Sitterley even used a complex spaceflight control
task in one of his experiments, the other one being based
on visually landing an aircraft. Furthermore, Cotterman
and Wood (1967) found similar results in their 1967 study
on lunar landing manual control skills. These works show
varying results across experiments and tasks. A more
thorough investigation into the fidelity for the retention
of manual control skills is thus needed.

5. DISCUSSION

Considering the previous findings uncovered with this
literature study, several research gaps were identified.
Firstly, as became clear in Section 3 there is a need for
skill decay functions to be developed using an analytic
and structured approach.

Secondly, the link between simulator fidelity and skill
decay functions is of interest. Section 4 shows that there
is a need for research into fidelity of simulators for man-
ual control tasks. Typical space mission tasks falling into
this category are landing or maneuvering a spacecraft, or
driving a planetary rover. Multiple sources suggested that
this kind of skill is subject to strong decay, more so than
simple manual motor tasks [Prophet (1976); Hammerton
(1963); Sitterley (1974); Sitterley and Berge (1972); Cot-
terman and Wood (1967)]. Adding to the problem are
sources stating that this kind of skill is best trained in
high fidelity simulators [Mulder et al. (2004)]. This is
challenging, because of the constrained mass and power
budgets commonly found in spacecraft. In this vein, an
experiment building on the quantification of the skill decay
functions is suggested. By setting up the decay functions
for a task executed on different types of simulators, the
link between fidelity and retention can be established.

Thirdly, the generalizability of skills is a relevant topic
for future research since it directly relates to just-in-
time training. To handle unanticipated situations and
make the astronaut-machine system more resilient, this is
paramount. Initial skills must be sufficiently generalizable
to facilitate just-in-time training.

Farr (1986) states: “We need an operational definition of
task complexity that will inform us of the memorability of
the total task, as well as its components taken individually.
We further require a means for deriving an index, prefer-
ably a quantitative one, that we can effectively use for twin
purposes: (a) for determining the ease of learning the task;
and (b) for predicting the decay rate of the task or any
of its major components.” A cybernetic approach would
provide a highly useful tool when conducting research into
skill decay functions and generalizability, for it allows to
model a human operator in an analytic and structured
manner [Pool and Zaal (2016)].
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